Genome-wide association studies have identified genetic markers in kallikrein-related peptidase 3 (KLK3) associated with prostate cancer. However, some of these markers are also associated with prostate-specific antigen (PSA) levels, so it is unclear whether the polymorphisms are causal or if the association with risk is solely due to detection bias through PSA screening. PSA is a biologically active serine protease, cleaving insulin-like growth factor-binding protein. We examined the association of single-nucleotide polymorphisms (SNPs) in KLK3 with prostate cancer risk, diseasespecific survival and pre-diagnostic PSA levels in a case-control study nested within the Physicians' Health Study, which began in 1982, with over 27 years of follow-up. We genotyped SNPs spanning the entire KLK3 locus to capture common variation at high resolution. Six polymorphisms were significantly associated with prostate cancer incidence (P < 0.05); the odds ratios per minor allele ranged from 0.88 to 0.73. For four of these, the odds ratios were lower when restricting to cases diagnosed in the pre-PSA screening era (before 1989). The four alleles significantly associated with lower PSA levels were also associated with lower prostate cancer risk. KLK3 variants were not significantly associated with stage at diagnosis, risk of lethal cancer or survival. Our results suggest that detection bias due to the association of KLK3 variants with PSA levels cannot completely explain the association with prostate cancer risk. Understanding the mechanism by which genetic variation in KLK3 affects prostate cancer risk has important implications for study of the biological role of PSA in prostate tumorigenesis.
Introduction
Prostate-specific antigen (PSA), encoded by the kallikrein-related peptidase 3 (KLK3) gene, is a serine protease produced by epithelial cells in the prostate. PSA is produced almost exclusively by the prostate and circulating levels increase in the presence of cancer (1) ; this latter association led to the development of PSA as a screening biomarker and an indicator of disease progression. However, PSA is also influenced by age, prostate size, inflammation and infection.
Recent genome-wide association studies (GWAS) identified numerous genetic regions associated with prostate cancer risk (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) , including the locus on chromosome 19 containing KLK3. The minor allele of the single-nucleotide polymorphism (SNP) rs2735839 in this region was associated with a 17-46% decreased risk of prostate cancer (P 5 1.5 Â 10 À18 ); Eeles et al. (8) initially reported these results in a multistage design in which stage 1 of the study specifically excluded controls with PSA levels .0.5 ng/ml. The goal of this sampling strategy was to decrease the possibility of including controls with occult prostate cancer, but this design raised the question of whether this genetic variant was truly a prostate cancer risk factor or merely associated with the likelihood of diagnosis by virtue of its link with PSA levels. Several groups have observed an association between rs2735839 and PSA levels (12) (13) (14) . Ahn et al. (12) genotyped tag SNPs across KLK3 and observed no association with prostate cancer risk in several populations; they only saw an association of rs2735839 when they artificially restricted controls to those with PSA levels ,0.5 ng/ml. Eeles et al. responded by noting that although the association may be partly attributed to an association with lower PSA level, they also observed the association in the second stage of their study when controls were not selected based on PSA (15) . Additional case-control studies have observed associations of KLK3 variation with prostate cancer risk (16) (17) (18) (19) (20) and mortality (21) , though association of SNPs with PSA levels have also been observed (22, 23) . The reported associations of KLK3 SNPs with prostate cancer may be different across studies due to differences in the screening behavior of participants and related differences in PSA levels of cases and noncases, the selection of controls or the play of chance.
Because some of the SNPs are clearly associated with PSA levels, their association with prostate cancer risk could solely be due to detection bias with PSA screening. However, PSA has a biological role beyond simply serving as a screening tool for prostate cancer. The association of these SNPs with PSA levels demonstrates their functionality or high correlation with functional SNPs. It is possible that these SNPs may affect PSA levels and that PSA activity is involved in biologically driving prostate cancer development or may also affect prostate cancer initiation through an independent mechanism. PSA degrades insulin-like growth factor-binding protein (IGFBP) 5 (24) and cleaves IGFBP3, which reduces its affinity for insulin-like growth factor (IGF)-1 (25); both mechanisms would increase free IGF-1 levels (26). We and others have shown that total IGF-1 levels are associated with risk of advanced prostate cancer (27) . We therefore analyzed the association between SNPs in the KLK3 gene locus and prostate cancer risk and survival in the Physicians' Health Study (PHS), considering pre-diagnostic PSA from study baseline in 1982.
Materials and methods

Study population
The PHS began as a randomized, double-blind placebo-controlled trial of aspirin and b-carotene for the prevention of cardiovascular disease and cancer among 22 071 healthy United States physicians. Men were excluded at baseline if they had any serious medical conditions including all cancers (except non-melanoma skin cancer). Blood samples were collected from 68% of the physicians at baseline in 1982-84. A detailed description of PHS has been published previously (28) . Participants are followed through annual questionnaires to collect data on diet, health and lifestyle behaviors and medical history and biannually through postcards to ascertain health end points, including prostate cancer. All self-reported prostate cancer cases are verified through medical record and pathology review. Through this systematic medical record review, we abstract data on PSA at diagnosis, tumor stage and Gleason score. Death certificates and records are obtained and reviewed to determine cause of Abbreviations: GWAS, genome-wide association study; IGF, insulin-like growth factor; IGFBP, insulin-like growth factor-binding protein; LD, linkage disequilibrium; PHS, Physicians' Health Study; PSA, prostate-specific antigen; SNP, single-nucleotide polymorphism.
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For this study, we utilized a nested case-control design, with controls selected through risk-set sampling and matched to cases on age (±1 year for cases 55 and, if necessary, within 5 years for older cases), smoking status (never, former, current) and follow-up time. We restricted participants to self-reported Caucasians to reduce potential population stratification. In total, 1030 cases (diagnosed from 1982-2005) and 1327 controls were included for the casecontrol analysis. In the case-only survival analysis, we included an additional 83 prostate cancer cases diagnosed after being matched as controls in the casecontrol analysis (n 5 1113).
Written consent was obtained from each participant at the time of initial enrollment and this investigation was approved by the Human Subjects Committee at Brigham and Women's Hospital.
SNP selection and genotyping
We identified bona fide and suitably informative SNPs from among those represented in independently derived SNP databases prior to the completion of The International HapMap Project, namely the open access NCBI dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/) and Japanese SNP (http:// snp.ims.u-tokyo.ac.jp/) databases as well as the Celera SNP Reference Database (29) . To ensure the selection of validated SNPs, we only chose SNPs represented in the NCBI dbSNP database that are also independently represented in at least one of the other two databases. SNPs distributed throughout the KLK3 gene locus were identified at an average resolution of approximately 2-3 SNPs/kb. The criteria for SNP selection included an expected minor allele frequency . 10% among the Caucasian men represented in the study cohort. In total, 29 SNPs were genotyped using the Sequenom technology at The Broad Institute Center for Genotyping and Analysis (http://www.broad.mit .edu/genotyping/). Six SNPs were excluded for low genotyping completion (,85%). The data completion rate was 94.2% for the 23 SNPs included in the current analyses. They span the entire KLK3 gene locus, including 5850 bp encoding the 5# transcriptional initiation site to the 3# polyadenylation site that defines the intron/exon organization of the 'classical' KLK3-201 messenger RNA transcript of 1464 bp (Ensembl Transcript ID ENST00000326003) encoding the 261 amino acid sequence of PSA, as well as additional upstream promoter sequences (4611 bp from rs925013 to the 5# transcriptional initiation site) and downstream sequences (886 bp from the 3# polyadenylation site to rs2569735). All known predicted or confirmed KLK3 messenger RNA variant transcripts generated by alternative splicing, exon truncation, cryptic exons and intron retention are derived from sequences within this .10 kb region (Ensembl Gene ID ENSG00000142515) (30, 31) .
PSA and IGF-1 measurement PSA levels were previously measured on archived blood samples, collected in 1982; intra-batch coefficient of variation was 10.4% and inter-batch coefficient of variation was 16%, as described in Gann et al. (32) . To assess the potential impact of the SNPs on IGF-1 levels, we analyzed previously assayed plasma samples for IGF as previously reported in Chan et al. (27) .
Statistical analysis
Genotypes were coded in a codominant fashion to estimate separate odds ratios for heterozygotes and homozygote carriers of the minor allele and in an additive fashion (assuming a multiplicative increase in the odds of disease per minor allele carried) to calculate a one degree of freedom test of association. Using a nested case-control design, we assessed the risk of incident prostate cancer using unconditional logistic regression models, adjusting for the matching factors (age, smoking status and duration of follow-up). We corrected for multiple testing, considering the linkage disequilibrium (LD) between SNPs, using the method described in Conneely and Boehnke (33), using the package P-ACT in the R statistical software. We additionally performed logistic regression comparing cases diagnosed before 1989 to controls ('pre-1989 risk') and cases diagnosed after 1991 to controls ('post-1991 risk'). Among prostate cancer cases, we performed an analysis of time to lethal prostate cancer outcome using Cox regression models adjusting for age at diagnosis. Lethal prostate cancer was defined as death due to prostate cancer (n 5 168) or the development of bony metastases (n 5 11); follow-up began at the time of prostate cancer diagnosis and individuals were censored at the time of death from another cause or the end of follow-up (5 March 2010).
We used analysis of variance to compare the genotypes (three categories) to baseline (log-transformed) PSA levels and reported the P-value for trend. This analysis was performed for all individuals who never developed prostate cancer during follow-up (non-cases). In prostate cancer cases, the same method was used to compare genotypes with reported PSA levels at diagnosis. We also used analysis of variance to examine the association of genotypes with total IGF-1 levels in cases and non-cases. We limited the IGF-1 analysis to SNPs that were significantly associated with risk or PSA levels (P , 0.05). Analyses were performed with SAS version 9.1 statistical software; all P-values are two sided.
Results
Characteristics of the baseline and clinical characteristics of the PHS cases and controls are presented in Table I . We genotyped 29 SNPs dispersed across the entire KLK3 gene; six SNPs were excluded for low genotyping completion (,85%), so 23 were included in the analysis ( Figure 1) . Three of the SNPs violated Hardy-Weinberg Equilibrium in the control subjects (rs2292186, rs266876, rs266878; P , 0.0001); results for these SNPs were included but should be interpreted with caution.
Six polymorphisms were significantly associated with prostate cancer incidence (P , 0.05; Table II) , with odds ratios ranging from 0.73 to 0.88 for each additional copy of the minor allele. However, after adjusting for multiple correlated tests, no SNP remained statistically significantly associated with prostate cancer incidence.
There is strong LD in this region; for example, the R 2 is 0.96 between two of the SNPs associated with prostate cancer risk, rs266878 and rs174776. After conditioning on rs2569735, which is in strong LD with rs2735839 (R 2 5 1.00 in the HapMap CEU panel), the most significant marker in the Eeles et al. (8) GWAS, none of the remaining SNP associations was statistically significant.
None of the KLK3 SNPs genotyped in our study was significantly associated with prostate cancer mortality (supplementary Table I is available at Carcinogenesis Online). SNPs were also not associated with clinical stage at diagnosis or with the incidence of lethal disease (data not shown).
Comparing cases diagnosed before 1989 in the pre-PSA era to all controls, the associations showed similar significance and more extreme effect sizes compared with the results from the overall risk analysis presented above (Table II) . Even with decreased power due to a smaller sample size, the minor alleles of rs266878 and rs266876 were statistically significantly associated with a lower risk of prostate cancer in the pre-PSA era. We observed one significant association comparing cases diagnosed in 1992 or later to all controls Age at diagnosis, mean ± SD 69.9 ± 7.5 PSA at diagnosis (lg/l), median (10thÀ90th) (rs2569739); however, the magnitude of the odds ratios for all SNPs were qualitatively similar to the overall results (Table II) . Eleven SNPs were significantly associated with PSA levels measured in blood from baseline in control subjects who never developed prostate cancer through follow-up (Table III) . The minor allele was associated with higher PSA levels for seven SNPs: rs925013, rs3760721, rs3760722, rs2292186, rs1053972, rs2292185 and rs2271093 (range between homozygote classes: 0.25-0.53), while the minor allele was associated with lower PSA levels for four: rs266878, rs174776, rs1058205 and rs2569735 (range between homozygote classes: À0.35 to À0.61 lg/l). None of the seven alleles associated with higher PSA levels were significantly related to prostate cancer risk, either overall or in analyses limited to the PSA era (odds ratios ranged from 0.85 to 1.50). In contrast, all four alleles associated with lower PSA levels were significantly associated with lower prostate cancer risk overall, with odds ratios of similar magnitude in analyses limited to pre-PSA era cases. After conditioning on rs2569735, the remaining three SNPs were no longer significantly associated with lower PSA levels.
Four SNPs were significantly associated with PSA levels measured in cases at diagnosis; for three, the minor allele was associated with lower levels (rs266878, rs174776, rs2569739) and for one, the minor allele was associated with higher levels (rs2292185). For each, the associations were also at least borderline significant and in the same direction as in the baseline samples among the control subjects. For rs2569739, the association with lower PSA at diagnosis is consistent with lower risk of prostate cancer diagnosis during or after 1992.
A summary of the associations of KLK3 SNPs with overall risk of prostate cancer, risk of prostate cancer in the pre-PSA and screening eras, PSA levels in controls at study baseline and PSA at diagnosis is presented in Table IV .
Three SNPs associated with lower PSA levels or prostate cancer risk (or both) were also associated with higher baseline total IGF-1 levels in non-cases (rs266878, rs174776 and rs266876; supplementary Table II is available at Carcinogenesis Online).
Discussion
Several polymorphisms in the KLK3 gene are associated with risk of prostate cancer in this large prospective nested case-control study. The minor alleles for six SNPs were significantly associated with lower risk; for four of these SNPs, the minor alleles were also associated with significantly lower PSA levels measured in blood provided at the study baseline by controls. The associations for two SNPs were significant in analyses restricted to cases diagnosed before the PSA era.
The association of SNPs in the KLK3 locus with prostate cancer risk and PSA levels has been previously reported in both candidate gene studies and GWAS. The minor allele for rs2735839 was associated with reduced risk in the initial GWAS (8) and several additional reports (16) (17) (18) (19) (20) . Although we did not genotype rs2735839, it is in complete LD (R 2 5 1) with rs2569735. In this study, the minor allele for rs2569735 was significantly associated with reduced overall prostate cancer risk.
What remained unclear after previous studies is whether these SNPs represent causal associations with risk or if the associations observed are due solely to an effect on likelihood of diagnosis by virtue of an association with PSA levels. By limiting controls to men with low PSA levels, the original study probably inadvertently enriched the control group with the variant allele, leading to an exaggerated lower odds ratio. We addressed this question by determining if the likelihood of being diagnosed with prostate cancer in the era before the widespread adoption of PSA screening in 1989 or after 1991, differed based on genotype. We reasoned that with non-selected controls, the likelihood of initial diagnosis would be unrelated to PSA level before PSA screening was adopted. In contrast, in the PSA screening era, one would expect that SNPs associated with lower PSA may appear to be associated with lower disease risk even in the absence of any true causal relationship. Despite slight differences in statistical significance, perhaps attributable to sample size, the magnitude of the associations restricting to pre-PSA cases was strikingly similar and even somewhat stronger compared with the overall analysis. Moreover, we observed only one significant association with prostate cancer risk in the PSA era, despite the larger number of cases and greater statistical power. The association of the minor allele of rs2569739 with lower PSA at diagnosis is consistent with the association with lower risk of prostate cancer diagnosis after 1991 that was observed. Further, none of the SNPs associated with higher PSA levels were significantly related to risk overall, in the pre-PSA or PSA eras. While the association of this one SNP with PSA levels and prostate cancer risk in the PSA screening era points toward a potential detection bias, we believe that overall our results suggest that the association of SNPs with PSA levels and detection bias cannot completely explain the association with prostate cancer risk. An alternative analysis to address this issue would be to examine the association between SNPs and risk, adjusting for baseline PSA level, as was performed in Ahn et al. (12) . If the SNPs associated with risk are no longer statistically significant when PSA level is introduced to the model, this would suggest that the entire association with risk is through PSA levels and screening. However, we were unable to perform this analysis as only approximately half of the cases and controls have baseline PSA data available. Also, such an analysis is predicated on the assumption that PSA itself bears no causal relation to prostate cancer incidence.
PSA can biologically interact with IGF-binding factors, which may result in higher levels of free IGF-1. Since IGF-1 has also been associated with prostate cancer risk, we explored the association of KLK3 SNPs with IGF-1 levels. Three SNPs associated with lower PSA levels or prostate cancer risk were also associated with higher total IGF-1 levels. The IGF-1 assay we employed measures both free and bound IGF-1 (the majority is bound), and we were unable to measure free IGF-1 independently. One may speculate that the lower PSA levels in men with these variants may lead to reduced degradation of IGFBP5 and less cleavage of IGFBP3, leading to higher total, though less free, IGF-1.
After conditioning on rs2569735, which defines the 3# boundary of the KLK3 locus, the other SNPs that were marginally associated with prostate cancer risk or PSA levels were no longer significantly associated with those end points. This is consistent with the region containing a single causal variant that is in complete LD with the most significant marker in the KLK3 region, rs2735839, reported in the original GWAS (8) . However, we caution that our sample size limits the power of these conditional analyses. Larger collaborative efforts will probably be needed to better understand the covariance between genetic variation at this locus, prostate cancer risk and PSA levels. 
Direction of the arrow indicates the direction of the association. Arrows in parentheses signify P , 0.10, arrows without parentheses signify P , 0.05, dashes represent no significant association.
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Determining the mechanism for how KLK3 polymorphisms affect prostate cancer risk, whether through their effect on PSA levels or other pathways, has important implications for further study. The finding that several highly prevalent genetic variants affect PSA levels could change the interpretation of levels in screening by suggesting a different baseline PSA level for an individual determined by genotype; however, the data are insufficient to support genetic screening tests based on these findings. If the KLK3 SNPs were only affecting risk by influencing PSA levels and therefore creating a detection bias through screening, less follow-up of these genetic markers would be needed and more effort could be focused on other known risk SNPs. Although our data are insufficient to completely rule out a detection bias, our findings suggest that the association of these SNPs with prostate cancer risk cannot entirely be explained by such bias and support further mechanistic studies of their biological function.
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